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ABSTRACT
We demonstrate a new, efficient and easy-to-use 
method for enzymatic synthesis of (stereo-)specific 
and segmental 13C /15N/2H isotope-labeled single­
stranded DNA in amounts sufficient for NMR, based 
on the highly efficient self-primed PCR. To achieve 
this, new approaches are introduced and combined. 
(i) Asymmetric endonuclease double digestion of 
tandem-repeated PCR product. (ii) T4 DNA ligase 
mediated ligation of two ssDNA segments. (iii) 
In vitro dNTP synthesis, consisting of in vitro rNTP 
synthesis followed by enzymatic stereo-selective 
reduction of the C2' of the rNTP, and a one-pot 
add-up synthesis of dTTP from dUTP. The method 
is demonstrated on two ssDNAs: (i) a 36-nt three­
way junction, selectively 13C9/ 15N3/ 2H(1 ,20 ,3 ,4 ,5 ,50)- 
dC labeled and (ii) a 39-nt triple-repeat three-way 
junction, selectively 13C9/ 15N3/ 2H(1 ,20 ,3 ,4 ,5 ,50)-dC 
and 13C9/ 15N2/ 2H(1,200,3',4 ,5',5')-dT labeled in segment 
C20-C39. Their NMR spectra show the spectral sim­
plification, while the stereo-selective 2H-labeling in 
the deoxyribose of the dC-residues, straightfor­
wardly provided assignment of their C1'-H2' and 
C2'-H2' resonances. The labeling protocols can be 
extended to larger ssDNA molecules and to more 
than two segments.
INTRODUCTION
Iso to p e  labeling has co n trib u ted  m arked ly  to  the  success 
o f  m ulti-d im ensional he tero -nuclear N M R  spectroscopy 
in  s truc tu re  and  dynam ics investigations o f  pro te ins
(1-5), R N A s (6-28), D N A s (28-37), an d  the ir com plexes 
(38-41). F o r  p ro te ins and  R N A s, iso tope labeling has 
becom e s ta n d a rd  practice. In  sharp  co n trast, fo r (larger) 
d s/ssD N A s app lica tion  o f  iso tope-labeling  still lags 
fa r beh ind , largely due to  a lack  o f  com parab ly  simple, 
flexible an d  cost-efficient m ethods for the ir synthesis.
L abeling  o f D N A  by chem ical synthesis is versatile and  
been used to  p roduce d s/ssD N A s, labeled  un iform ly  
(29,36) o r selectively/site-specifically (32,34,37,42-44) 
w ith  13C /15N  isotopes o r segm entally  (30,31) w ith 
13C /2H  isotopes, using ta ilo r-m ade  phosphoram id ites. 
H ow ever, the ir synthesis requires specialized chem ical 
expertise, is lab o r intensive an d  costly. E nzym atic synthe­
sis has therefo re  been m ore  p o p u la r in the  field o f 
D N A  struc tu ra l b iology, and  in vivo (45,46) an d  in vitro 
(45,47-57) m ethods have been developed.
In  the  in vivo m ethods plasm ids are  am plified in E. coli 
cells g row n on  labeled m in im al m edium  (45,46). T he p las­
m ids co n ta in  m ultip le repeats o f  the desired sequence w ith 
each repea t flanked by an  endonuclease-sensitive site. 
A fter enzym atic d igestion  single doub le-stranded  (ds) 
D N A  fragm ents are released. A lth o u g h  this m ethod  
circum vents the requ irem ent o f  iso tope-labeled  dN T P s, 
it restricts the types o f labeling  (see below ) an d  is relatively 
inefficient.
E nzym atic in vitro synthesis o f  iso tope-labeled  ssD N A  
w as first achieved by Z im m er and  C ro thers by m eans o f  a 
tem plate-d riven  fill-in reac tion  (47). This m e th o d  em ploys 
a D N A  polym erase I fill-in reac tion  on  the  single-stranded 
region o f  a hairp in -p rim ed  D N A  tem plate , using iso tope­
labeled dN T P s as bu ild ing  blocks. A  ribonucleoside is 
p laced a t the  30-term inus o f  the  ha irp in , so th a t u p o n  a lk a ­
line hydrolysis the  synthesized iso tope-labeled  ssD N A  is 
released. M odifications leading to  im proved  efficiency 
have been rep o rted  (48,49), w hile M er an d  C hazin  (50)
*To whom correspondence should be addressed. Tel: +31 24 3652678; Fax: +31 24 3652112; Email: s.wijmenga@nmr.ru.nl 
The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.
© 2009 The Author(s)
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ 
by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Downloaded from http://nar.oxfordjournals.org/ at Universiteitsbibliotheek on December 2, 2011
e114 Nucleic Acids Research, 2009, Vol. 37, No. 17 Page 2 of 10
described a m odification  th a t  allows fo r segm ental iso tope 
labeling. T he tem plate-d riven  fill-in reac tion  is relatively 
stra igh tfo rw ard . A  d raw b ack  is the  need fo r sto ich io­
m etric am oun ts o f  expensive m odified D N A  tem plate.
A  second in vitro m e th o d  is E ndonuclease-Sensitive 
R epea t A m plification  (ESR A ) (45,55). I t  is based  on  a 
self-prim ed P C R  am plification , originally  called 
C oncatem er C hain -R eaction  (51,52), in w hich a d sD N A  
tem plate  o f  tandem  repeats is e longated  using (iso tope­
labeled) dN T P s by m eans o f  P C R  in a num ber o f  cycles 
o f  heating , annealing  an d  extension. This am plification  
p roduces long d sD N A s consisting  o f  m ultim eric 
repeats o f  the ta rg e t sequence. Endonuclease-sensitive 
sites flank the ind ividual d sD N A  repeats (45), so th a t  
restric tion  enzym e d igestion  releases the ta rg e t dsD N A . 
Im provem ents have been rep o rted  in  term s o f  sequence 
flexibility (56) an d  length  o f  p roduced  ta rg e t d sD N A  
(57). I t  has also been p ro p osed  to  a tta in  P C R  am plifica­
tio n  o f  tandem  repeats in a p lasm id  (53,54). H ow ever, 
this P C R  p ro to co l is m ore  involved an d  m ost im portan tly , 
n o t self-prim ed and  thus requires sto ichiom etric am oun ts 
o f  prim er. T he p rincipal advantages o f the self-prim ed 
P C R  am plification  are its sim plicity an d  high efficiency. 
A  single d sD N A  tem plate  leads to  copious am oun ts 
o f  iso tope-labeled  d sD N A  targets, instead  o f  one D N A  
targ e t per tem plate  m olecule as in the  tem plate-driven  
fill-in reaction . D raw backs are  th a t only d sD N A  can  be 
p roduced  an d  th a t the existing p ro to co l does n o t allow  for 
segm ental labeling.
B o th  in vitro m ethods need iso tope-labeled  dN T P s as 
bu ild ing  blocks. F o r  R N A , iso tope labeling— via in vitro 
synthesis— is com m on practice, because the required  
rN T P  build ing  b locks are  readily  available w ith  a variety  
o f  labeling p a tte rn s ; the rN T P s can  either be un iform ly  
labeled w ith  2H /13C /15N  isotopes (6,7,10,11,14), w hen 
ex tracted  from  bacteria l cells, o r (stereo-)selectively 
labeled w ith  2H /13C /15N  isotopes (9,12,13,15,17,27), 
w hen p roduced  via in vitro synthesis. H ow ever, for 
dN T P s the  situation  is less favorable. T he d N T P  p ro d u c ­
tio n  m ethods involve ex traction  o f  iso tope-labeled  
d N M P s from  genom ic (bacterial) D N A  (14,47,48,58), 
w hich leads to  lim ited  yields as com pared  to  rN T P s 
(R N A ) an d  restricts the  labeling  to  m ain ly  un iform ly  
in 13C, 15N , a n d /o r 2H . T he in vitro synthesis o f  (stereo-) 
selectively 2H /13C /15N -labeled  rN T P s is a t p resen t no t 
available fo r dN T P s.
In  conclusion, the  E S R A  stands ou t fo r its sim plicity 
an d  efficiency am ong the  existing m ethods fo r p roduc tion  
o f  iso tope-labeled  D N A . H ow ever, E S R A  has th ree  m ain  
d raw backs: (i) only  d sD N A  can  be p roduced , (ii) segm en­
ta l labeling is n o t possible an d  (iii) existing p ro d uc tio n  
m ethods fo r the  requ ired  dN T P s have lim itations in 
term s o f  available am oun ts an d  variety  in labeling  patte rn .
In  this con trib u tio n , we p resen t a new, efficient and  
easy-to-use m e th o d  fo r the  large-scale in vitro synthesis 
o f  iso tope-labeled  D N A . I t  is based  on  E SR A  an d  we 
in troduce  new  approaches to  resolve the above-m entioned  
draw backs. Synthesis o f  ssD N A , instead  o f  only d sD N A , 
is now  possib le by in troducing  asym m etrical d igestion  o f 
P C R  products. T he labeling can  either be overall or seg­
m ental. In  the residues, the  labeling  can  be un ifo rm , or
(stereo-)selective w ith  2H /13C /15N  isotopes, depending  on 
the  dN T P s em ployed. O ur m e th o d  includes a p ro to co l for 
the  efficient synthesis o f  dN T P s ob ta ined  by reduction  o f 
in vitro synthesized rN T P s, thereby  connecting  the  versa­
tility  o f  R N A  labeling  to  D N A . T he m e th o d  is d em o n ­
stra ted  via the synthesis and  N M R  o f  a 36-nt three-w ay 
junc tion  ssD N A  (59) an d  a 39-nt trip le-repeat three-w ay 
ju n c tio n  ssD N A  (60,61).
MATERIALS AND METHODS
Folding sim ulations o f P C R  prim ers and D N A  segments 
for the (segm ental) labeling o f ssDN A
P redictions o f  the  therm odynam ic stability  o f  in tram olec­
u la r folds, self-com plem entary  duplexes and  the  (desired) 
hybrids o f  the used D N A  sequences w ere ob ta in ed  using 
D IN A M e lt (62). In  the D IN A M e lt sim ulations for the 
P C R  sequences, the D N A  concen tra tion  w as 0.1 mM and  
salt concen tra tions 10 m M  N aC l and  2 m M  M g2 + , com ­
p arab le  to  the  cond itions du ring  P C R  am plifications. 
In  the D IN A M e lt sim ulations fo r the  ligation , the  D N A  
co n cen tra tio n  w as 10 mM an d  the  N aC l and  M g2 + -con­
cen tra tions w ere each 10 m M , m atch ing  the  conditions 
du ring  D N A  ligation.
Synthesis o f 13C 9/ 15N 3/ 2H (1- 2» 3  4  5  5»)-dCTP and
13C 9/15N 2/2H(1-,200,3',4',5',5")-dTTP
F o r  ca lcu la tion  o f  yields, here and  below , all co n cen tra ­
tions o f  purified in term edia te  and  final p ro d uc ts  were 
determ ined  by U V  ab so rp tio n  unless o therw ise stated. 
P rio r to  d T T P  and  d C T P  synthesis, U T P  residues were 
in vitro synthesized from  450 mmol 13C 6/2H 7-D-glucose 
an d  440 mmol 13C 4/ 15N 2-uracil (C am bridge Iso tope 
L abora to ries , A ndover, M A , U SA ) using enzym es o f  the 
glycolysis and  pen tose p h osp h ate  pa thw ay  (9,12,13,63) 
(see S upp lem en tary  D a ta  for a detailed  description). 
13C 9/ 15N 3/2H (10,30,4',5',5")-CTP residues w ere synthesized in 
a 120 m l reac tion  m ix ture  con ta in ing  0.5 m M  (60 mmol) 
13C 9/ 15N 2/2H (10,30,40,50,50)-U T P, 10 m M  15N H 4Cl and  7.5 
un its C T P  synthase (64) (S upplem entary  D a ta ). T he 
U T P  an d  C T P  w ere separa ted  from  the ir A T P  co facto r 
on  an  A k ta  Basic equ ipped  w ith  a H iL o ad  Q Sepharose 
H P  co lum n (G E  H ealthcare) using a linear g rad ien t 
from  50-350 m M  N aC l in M illi-Q  w ater (M illipore) a t 
p H  9. N ucleo tide con ta in ing  frac tions w ere desalted  on 
a Sephadex G 10 co lum n (02.5 x  30 cm ), lyophilized and  
dissolved to  100 m M  in M illi-Q  w ater.
F ifty-n ine m icrom oles C T P  an d  60 mmol U T P  were 
exchanged w ith  D 2O by lyophilization  for th ree  tim es in 
1m l D 2O. A  5 x  concen tra te  o f  reduction  buffer (2 0 m M  
H E P E S  (pH  7.5), 30 m M  D T T , 0.5 m M  E D T A  and  1 M 
N aA c) w as exchanged w ith  D 2O by vacuum  concen tra tion  
to  dryness for th ree  tim es in D 2O, subsequently  dissolved 
in D 2O an d  the  p D  ad justed  to  7.5 w ith  10 M  N aO D . D 2O 
exchanged C T P and  U T P  w ere added  to  a final concen­
tra tio n  o f  1 m M  in separate  reactions and  5 ml o f  20 m g/m l 
ribonucleo tide trip h o sp ha te  reductase (R T P R ) (65,66) 
(S upplem entary  D a ta ) along  w ith  10 ml o f  5 m M  coenzym e 
B12 in D 2O w ere added  per m l o f  reduction  buffer and  
incubated  for 1 h  a t 37°C in the  dark . The reduction
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progress was checked by reversed phase ch ro m a to g rap h y  
(R P C ) on  a P epR P C  15 H R 10/10  co lum n (G E  H ea lth ­
care) by applying a 20 m l linear g rad ien t from  50 m M  
T E A A  (pH  7) to  40%  50 m M  T E A A  (pH  7) +  30%  ace t­
on itril. T he reac tion  m ixtures w ere purified over a D ow ex 
1x2 an ion  exchange co lum n (S igm a-A ldrich, Zw ijndrecht, 
T he N etherlands) using a linear g rad ien t from  0 to  1 M  
N aC l. N ucleo tide con ta in ing  frac tions w ere desalted  and  
concen tra ted  to  5 m M  in  M illi-Q  w ater and  sto red  a t 
—20°C.
d T T P  w as synthesized in a one-po t add-up  reac tion  
from  d U T P . A ll reactions w ere checked by R P C  applying 
a 20 m l linear g rad ien t from  0.2 M  K H 2P O 4 (pH  4) to  40%
0.2 M  K 2H P O 4 (pH  4) +  30%  m ethano l. T w enty  m illiliter 
o f  1.3 m M  d U T P  in 20 m M  T ris-H C l (pH  8.1 a t 
25°C) +  5 m M  M gC l2 w as incubated  a t 85°C for 1 h  in 
the  presence o f  125 ng/m l H is6-tagged P fu  d U T P ase  (67) 
(S upplem entary  D a ta ). T he reac tion  m ix ture  was 
ad justed  to  0 .2 5 m M  d U M P  in 4 0 m M  T ris-H C l (pH  
7.5), 50 m M  M gC l2, 100 m M  ß -m ercap toe thano l, 2.3 m M  
form aldehyde an d  2 m M  (6R,S)-5,10-m ethylene-5,6,7,8- 
te trahydro fo lic  acid (Schircks L abora to ries , Sw itzerland). 
H is6-tagged E. coli thym idylate  synthase (68) (S upplem en­
ta ry  D a ta ) was added  to  50 mg/ml an d  incubated  overnight 
a t 37°C. T he reac tion  m ix ture  was again  ad justed  by 
add ing  K C l to  80 m M , phosphoeno lpy ruvate  to  10 m M , 
A T P  to  0.05 m M , py ruvate  k inase (Sigm a) to  2.5 U /m l and  
h is6-tagged bac teriophage T5 d N M P  kinase (69) (S upple­
m en tary  D a ta ) to  100 mg/ml an d  then  incubated  a t 37°C 
fo r an o th e r 3 h.
Synthesis o f 13C9/ 15N 3/ 2H (1',20,3',4',5',50)-dC selective 
labeled three-w ay junction ssDN A  by self-primed 
P C R  (Figure 1 and Table 1)
A ll restric tion  endonucleases an d  buffers w ere purchased  
from  F erm en tas. In  step 1, 10 P C R  reactions o f  400 ml 
w ere carried  o u t in P C R  buffer w ith  2 m M  M gSO 4 
con ta in ing  0.2 m M  o f each d G T P , dA T P , dT T P , 
13C9/ 15N 3/2H (10,200,30,40,50,50)-dC TP, 0.1 mM o f  prim ers 3W - 
sense an d  3W -asense (Table 1). E ach  P C R  m ix ture  co n ­
ta ined  80 ng o f  H is6-tagged P fu  D N A  polym erase (70) 
(S upplem entary  D a ta ) an d  10 ng o f  H is6-tagged Pfu  
dU T P ase. M ixtures w ere cycled 30 tim es in a P rogene 
the rm al cycler (Techne) a t 95°C fo r 90 s, a t 65°C fo r 90 s 
an d  a t 72°C fo r 6 m in  an d  30 s an d  follow ed by a final 
filling step a t 72°C fo r 20 m in. In  step 2, 80 P c R s  o f 
400 ml w ere carried  o u t u n der the sam e cond itions as in 
step 1 P C R s, except a 10 tim es d ilu tion  o f  step 1 P C R  
p ro d u c t served as D N A  tem plate  instead  o f  the prim ers 
3W -sense an d  3W -asense. The P C R  m ixtures w ere pooled , 
d ilu ted  to  200 m l buffer R +  and  digested fo r 3 h  a t 37°C 
w ith  2.5 k U  o f  5 -C G C G -3 0 cleaving Bsh1236I. The diges­
tio n  m ix ture  was purified over a R esourceQ  6 m l colum n 
(G E  H ealthcare) using a linear g rad ien t from  0 to  1.5 M 
N aC l in 10 m M  sodium  p h osp h ate  buffer (pH  7.4), 
desalted  by e th an o l p rec ip ita tion  an d  dissolved in 120 ml 
buffer E coR I. T o ta l 10 k U  o f  E coR I (5 '-G A A TTC -3') 
w as added  an d  incubated  a t 37°C fo r 3 h . T he digested 
D N A  w as purified over a R esourceQ  colum n, desalted  
in  an  Y M -3 cen tricon  (M illipore) and  subsequently ,
electrophorized  on  a p repara tive  20%  d en atu rin g  p o ly a­
crylam ide gel (P A G E ) con ta in ing  8 M  urea. T he b an d  o f 
36-nt three-w ay ju n c tio n  ssD N A  w as electroelu ted  from  
the  gel in  an  E lu trap  device (Schleicher & Schuell) and  
subsequently  w ashed w ith  20 m M  sodium  phosphate  
buffer (pH  7.5) con ta in ing  1 M  N aC l +  50m M  E D T A  
an d  M illi-Q  w ater. F inally , the  D N A  w as exchanged 
tw o tim es w ith  1 m l D 2O by lyophilization .
Synthesis o f 13C 9/ 15N 2/ 2H (1',20,3',4',5',5 0)-dT and 
13C 9/ 15N 3/ 2H (1',20 ,3 ,4',5',500)-dC selective and segm ental 
labeled trip le-repeat junction 6 wt ssDN A
T he 20 n t ssD N A  segm ent ju n c tio n  6 w t-p2  (C20-C39; 
T ab le  1) fo r ligation  w as ob ta in ed  by self-prim ed P C R  
(F igure 1) as fo r the  three-w ay ju n c tio n  ssD N A  w ith  the 
case specific m odifications as described hereafter. The 
unlabeled  d T T P  in the  P C R  m ixtures w as substitu ted  by 
13C 9/ 15N 2/2H (1',2",3',4',5',5")-dTTP an d  the  am plification  
prim ers w ere ju n c tio n  6 w t-p2-sense and  ju n c tio n  6 wt- 
p2-asense (Table 1). B lun t end  d igestion  o f  the  am plified 
D N A  w as carried  o u t w ith  2.5 k U  o f  PvuII (5 -C A G C T G - 
30) in buffer G +  and  the  second d igestion  w ith  10 k U  X ho I 
(50-C TC G A G -30) in buffer R + .
T he purified 20-nt ju n c tio n  6 w t-p2 ssD N A  segm ent was 
ligated  to  the  19-nt ju n c tio n  6 w t-p1 ssD N A  segm ent 
(Table 1) in an  11 m l p repara tive  ligation  reac tion  co n ta in ­
ing 7.5 mM o f  ju n c tio n  6 w t-p2, 10 mM o f  ju n c tio n  6 wt-p1 
an d  10 mM o f  the  28-nt D N A  splin t (Table 1) in T 4 D N A  
ligase buffer. T he reac tion  was h eated  2 m in  a t 95°C and  
incubated  10 m in  a t ro o m  tem pera tu re  p rio r to  the ad d i­
tio n  o f  2.8 k U  T 4 D N A  ligase an d  follow ed by ligation  at 
37°C for 4 h . T he 39-nt ligation  p ro d u c t w as purified from  
d en atu rin g  P A G E  as described before and  lyophilized.
N M R  experim ents
T he three-w ay ju n c tio n  ssD N A  sam ple was dissolved in 
50 m M  N aC l in D 2O (pD  5.6), to  0.2 m M  an d  the  full 
ju n c tio n  6 w t ssD N A  was d issolved in 10 m M  sodium  
p h osp h ate  p H  6.7 con ta in ing  0.1 m M  E D T A  an d  7%  
D 2O to  0.2 m M . T he sam ples w ere h eated  a t 95°C, snap- 
cooled  on  ice-w ater and  transferred  to  a Shigem i N M R  
tube. All N M R  spectra  w ere acquired  a t 25°C  using a 
V arian  600 In o v a  spectrom eter equ ipped  w ith  a shielded 
triple-axis g rad ien t H C N  probe. A  2D  H 2 'C 2 'C 1 / experi­
m en t was recorded  fo r the  stereo-specific assignm ent o f 
the  H 2 0 o f  the  cytidines by observation  o f  (C10, H 2 0) co r­
relations via the  relayed H 2 /! C 2 /! C 1 / connectiv ity’s. 
T he 2D  spectrum  w as acquired  w ith  128 scans per incre­
m en t as a d a ta  m a trix  o f  160(t1) x  614(t2) com plex points, 
w ith  sweep w idths o f  9000 (13C) an d  8000 H z (1H ). A  1D 
im ino spectrum  o f ju n c tio n  6 w t w as acquired  w ith  256 
scans, a recovery delay o f  2 s an d  an  acquisition  tim e o f 
80 m s. Selective w ater-flip-back  pulses w ere em ployed 
to  preven t sa tu ra tio n  o f  the  w ater resonance and  a tten u ­
a tion  o f  the  im ino p ro to n s signals. A  (15N , 1H ) H SQ C  
pulse schem e was used to  acquire a 1D 15N -edited  
spectrum  o f  im ino p ro to n s from  15N -labeled  thym idine 
nucleotides. A  2D  (15N , 1H ) H S Q C  w as recorded  w ith  64 
scans per increm ent as a d a ta  m a trix  o f  80(t1) x  1120(t2)
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Figure 1. Schematic of the proposed primer-pair amplification by self-primed PCR, here shown for the 20-nt junction 6 wt-p2 ssDNA sequence (see 
below). The two designed primers hybridize to form an amplifiable overlap that is filled-in by Pfu DNA polymerase in the first PCR cycle. The 
formed tandem repeat of dsDNA will be elongated in the next stages of cycling by the possibility to shift annealing position of the tandem repeated dsDNA. After 30 cycles, the long DNA is digested with a blunt-end-generating endonuclease followed by digestion with a sticky-end-generating 
endonuclease. The asymmetry in the digested DNA molecules allows for separation of the four individual strands on denaturing PAGE.
com plex po in ts, w ith  sweep w idths o f  1000 H z (15N ) and  
16 000 H z (1H).
RESULTS
W e describe an d  dem onstra te  an  efficient an d  easy-to-use 
self-prim ed P C R  m eth o d  fo r the enzym atic synthesis o f 
iso tope-labeled  d sD N A  a n d /o r  ssD N A , fo r w hich we 
in troduce an d  com bine three new approaches.
(i) Self-prim ed P C R  fo llow ed  by asym m etric endonu­
clease double digestion to produce ssD N A  
(Figure 1) .  This m ethod  originates from  the  highly
efficient an d  s tra igh tfo rw ard  self-prim ed P C R -based  
E S R A  technique described by Louis et al. (45) for 
the synthesis o f  iso tope-labeled  dsD N A . As in 
E SR A , long tandem -repeated  d sD N A  P C R  p ro ­
ducts are  synthesized by self-prim ed P C R  in a 
n um ber o f h eating /annealing  cycles using P fu  
D N A  polym erase. T he m ajo r m odification  we 
in troduce lies in the  enzym atic digestion  o f the 
P C R  p roducts, w hich allow s fo r separa tion  o f the 
P C R  p ro d uc ts  in to  ssD N A s. In stead  o f using a
single b lun t-end  digestion, we generate asym m etrical 
d sD N A  in tw o successive digestions. The doub le­
digested p roduc ts  m igrate  d istinguishably  on  d en a­
tu ring  P A G E . The desired ssD N A  fragm ent can  be 
used fo r N M R  struc tu ra l analysis directly  after 
purifica tion  from  gel.
(ii) Segm ental labeling via D N A -sp lin ted  ligation 
(Table 1). Segm ental labeled ssD N A  can  efficiently 
be p roduced  by T4 D N A  ligase m ediated  ligation  o f 
a  labeled to  un labeled  s tran d  o f  D N A  assisted by a 
com plem entary  D N A  splint.
(iii) In vitro synthesis o f  isotope-labeled dN T P s  
(Figure 2 ). In  vitro p ro d uc tio n  o f  rN T P s allows 
fo r a large variety  o f  labeling p a tte rn s  including 
d eu te ra tio n  (9,12,13,63). W e d em onstra te  th a t 
(stereo-)selective o r un iform ly  2H /13C /15N -labeled  
d N T P s are efficiently ob ta ined  by in vitro rN T P  
synthesis (9,12,13,63) follow ed by enzym atic reduc­
tion  o f  the C 20 hydroxyl o f  the p roduced  rN T P s 
(65,66).
The w hole m e thod  is dem onstra ted  on  the synthesis o f 
a 36-nt three-w ay ju n c tio n  ssD N A  (59) (F igure 2C, left)
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Table 1. Overview of used and synthesized ssDNA sequences
Sequence name Nucleotide sequence Utilization
3W-sense 50 CGCGTGCAGCGGCTTGCCGGCACTTGTGCTTCTGCACGAATTCCAACCGGCGCGTGCAGCGGCTT-30 p c r
3W-asense 50 CCGGTTGGAATTCGTGCAGAAGCACAAGTGCCGGCAAGCCGCTGCACGCGCCGGTTG-30 p c r
Junction 6 wt- 50 CAGCTGCCCTTGGGCTGCTCCGCTCGAGACGTCGCCAGCTGCCCTTGG-30 p c r
p2-sense
Junction 6 wt- 50 GCGACGTCTCGAGCGGAGCAGCCCAAGGGCAGCTGGCGACGTCTC-30 p c r
p2-asense
Junction 6 wt-p1 50 GCGGAGCAGCACCTTGGTG-30 LigationJunction 6 wt-p2 50 CTGCCCTTGGGCTGCTCCGC-30 Ligation
DNA splint 50 CAGCCCAAGGGCAGCACCAAGGTGCTGC-30 Ligation
Three-way junction 50 CGTGCAGCGGCTTGCCGGCACTTGTGCTTCTGCACG-30 NMR
Junction 6 wt 50 GCGGAGCAGCACCTTGGTGCTGCCCTTGGGCTGCTCCGC-30 NMR
Sequence names shown in bold represent synthesized labeled sequences; all others are unlabeled and obtained from Biolegio (Nijmegen, the 
Netherlands). Nucleotides of PCR primers shown in italics represent (a part of) the desired ssDNA sequence to be obtained. Nucleotides depicted 
in bold represent (a part of) endonuclease sites and underlined parts represent the desired overlap to be formed during PCR and/or ligation.
Figure 2. (A) In vitro (deoxy)ribonucleotide triphosphate synthesis. Labeled starting materials are shown in bold and blue. Labeled rNTPs, here as 
intermediate products, are circled. Labeled end-product dNTPs are shown in bold. The enzymes catalyzing different reactions are circled. See text for 
detailed description of the reactions. (B) Overview of the in vitro synthesized labeled dNTPs. From left to right: 13C9/15N2/2H r,2/ , 4,5,5")-dUTP, 
13C9/15N3/2H(10,200,304 5 ,50)-dCTP and 13C9/15N2/2H(r 3 ,4,5,5/)-dTTP. The red asterisks at carbon atoms indicate 13C labels; the blue asterisks at 
nitrogen atoms indicate 15N labels. The circled deuteron indicates the introduced stereo-selective deuteration in the sugar moiety during rNTP 
reduction. (C) Predicted most stable secondary structures of the three-way junction ssDNA (left) and the triple-repeat three-way junction ssDNA 
(junction 6 wt, right). The arrow indicates the chosen segmentation site in junction 6 wt. Blue cytidine residues are 13C9/15N3/2H(1/,2/ , 5,5")-labeled 
(see also B) and red thymidine residues are 13C9/15N2/2H(r ,2/,3,4,5,5"). (see B).
(stereo-)selectively labeled on  the cytidine residues an d  a 
39-nt trip le-repeat three-w ay jun c tio n  ssD N A  (60,61) 
(F igure 2C, right) th a t is (stereo-)selectively labeled on 
the cytidine an d  thym idine residues o f  segm ent C 20-C 39.
Design o f P C R  am plification prim ers and segments
The P C R  p rim er pairs are designed to  con ta in  b o th  ta rge t 
sequence an d  endonuclease digestion  sites (F igure 1 and  
T able 1). I t  is essential th a t during  P C R  am plification  
the desired hybrid ization  o f p rim ers indeed occurs and  
alternative stable struc tu res do  n o t in terfere. T able 2 p ro ­
vides an  overview o f  the p red icted  folds an d  stabilities o f 
the P C R  prim ers an d  the ir hybrid ization  p ro d uc ts  as p re ­
dicted by D IN A M e lt (‘M ateria ls  an d  M eth o d s’ section). 
F o r all fo u r ind iv idual prim ers, ne ither un favo rab le  in tra ­
m olecu lar folds n o r un favo rab le  self-com plem entary 
duplexes are p redicted. A lthough , a non-am plifiable 
hybrid  is p red icted  to  be m ore stable th a n  the desired 
am plifiable hybrid  (A G  values inside versus outside
paren theses, T able 2), it is expected (and  ultim ately  exper­
im entally  proven) n o t to  b lock  P C R , because b o th  hybrids 
will occur in the annealed  m ixture.
F o r the segm ental labeling o f  the ju n c tio n  6 w t ssD N A  
(F igure 2C, right), the m olecule was divided in to  ju n c tio n  
6 wt-p1 (19-nt, residue 1-19) an d  ju n c tio n  6 w t-p2 (20 nt; 
residue 20-29), so th a t the la tte r encom passes the tw o 
thym idine residues presen t in the s truc tu ra lly  in teresting  
jun c tio n  region. D IN A M e lt sim ulations were perfo rm ed  
to  assess the po ten tia l presence o f a lternative secondary  
structures th a t cou ld  interfere w ith  ligation  (Table 2). 
The desired hybrid ization  w ith  the D N A  splin t was 
p red icted  to  be m ost stable.
Synthesis o f 13C 9/ 15N 3/ 2H (1 r  3  4  5  5„)-dC T P  and 
13C 9/15N 2/2H(1',200,3',4',5',5")-dTTP
The in vitro synthesis o f  13C 9/ 15N 2/2H (1/,2//,3 ,4 ,5 ,5q-U T P 
yielded 390 mmol o f  U T P  o u t o f  450 mmol 13C 6/ H 7-d- 
glucose an d  4 4 0 mmol 13C 4/ 15N 2-uracil, a yield o f  89% .
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The subsequent synthesis o f  13C 9/ 15N 3/2H (1/,2//,3/,4 ,5/,5//)- 
C TP, o u t o f  60 mmol U T P , yielded 59 mmol o f C T p . 
T he reduction  o f  60 mmol u T p  an d  59 mmol C T P by 
R T P R  led to  58 mmol d U T P  an d  56 mmol o f  dC T P,
Table 2. Predicted hybridization and folding stabilities of ssDNA 
sequences
DNA strand(s) Intramolecular
(AG)
Duplex
(AG)
Hybrid
(AG)
3W-sense -11.7 -18.5 NA
3W-asense -7.2 -17.6 NA
3W-sense + 3W-asense NA NA -30.8* (-67.4)
Junction 6 wt-p2-sense -5.8 -13.8 NA
Junction 6 wt-p2-asense -6.3 -17.4 NA
Junction 6 wt-p2-sense + NA NA -29.1* (-47.9)
Junction 6 wt-p2-asenseJunction 6 wt-p1 -3.0 -6.0 NA
Junction 6 wt-p2 -3.1 -9.1 NA
DNA splint -7.4 -19.3 NA
DNA splint + junction NA NA -18.0
6 wt-p1
DNA splint + junction NA NA -17.8
6 wt-p2
DNA splint + junction NA NA -39.1
6 wt
AG values are in kcal/mol at 370C. Simulation conditions are 10 mM 
NaCl, 2mM Mg2+ and 0.1 mM strand concentration for simulations 
with PCR primers and 10 mM NaCl, 10 mM Mg2+ and 10 mM strand 
concentration for simulations concerning ligation. AG values with an 
asterisk represent the stability of the desired hybridization between the 
parts of the PCR primer pairs, whereas the AG value in parentheses repre­
sents the stability of a non-amplifiable hybrid between the primer pairs.
yields o f  96.5%  an d  95% . The d ephospho ry la tion  o f 
d U T P  proceeded  fo r over 99% , the subsequent m ethyla- 
tio n  o f  d U M P  to  d T M P  fo r 93% , an d  the p h o sp h o ry la ­
tio n  to  dT T P  fo r 98% , yielding 52 mmol o f  dT T P . The 
overall yields fo r the synthesis o f  dT T P  an d  dC T P  from  
glucose an d  uracil were 77%  an d  83% .
Synthesis of selective and /o r segm entally labeled ssDNA
In  step 1 o f the self-prim ed P C R  p ro to co l (M aterials 
an d  M ethods section an d  F igure 1), P C R s w ith  the 
p rim er pairs 3W -sense +  3W -asense an d  jun c tio n  6 wt- 
p2-sense +  ju n c tio n  6 w t-p2-asense, yielded prim arily  
h igh m olecu lar w eight D N A  (> > 1 0  kb; the m ain  b an d  is 
located  near the loading  slot in F igure 3A an d  B, lanes 1). 
T he step 1 P C R -p ro d u c t o f  the jun c tio n  6 w t D N A  
(F igure 3B, lane 1) was substan tially  m ore sm eared ou t 
th a n  the step 1 P C R -p ro d u c t o f  the three-w ay ju n c tio n  
D N A  (F igure 3A, lane 1). The subsequent P C R s in step 
2 yielded fo r b o th  constructs  even m ore high m olecular 
w eight D N A s, as evident from  the reduced  sm earing 
(F igure 3A an d  B, lanes 1 an d  2); no te  again  th a t the 
m ain  b an d  o f  P C R  p ro d uc ts  is located  near the loading 
slot, ind icating  high m olecu lar w eight D N A s (F igure 3A 
an d  B, lanes 2).
T his m ain  b an d  d isappeared  com pletely  after b lun t- 
end-generating  endonuclease digestion  an d  single bands 
below  the 100 bp  m ark er were observed (F igure 3A and  
B, lanes 3). The la tte r cou ld  be a ttr ib u ted  to  the expected 
5 0 bp  (3.75m g; 0 .1 2 mmol) an d  3 5 b p  (2 .5m g; 0.11 mmol) 
d igestion  p ro d uc ts  fo r the three-w ay ju n c tio n  an d  ju n c tio n
Figure 3. Progress of the PCR amplifications of three-way junction DNA and junction 6 wt DNA on 0.8% agarose. (A) Lanes 1-3 contain the following 
samples: (1) 10 ml of step 1 PCR mix of three-way junction DNA, (2) 10 ml of step 2 PCR mix, (3) 10 ml Bsh1236I digestion mixture. (B) Lanes 1-3 contain 
the following samples: (1) 10 ml of step 1 PCR mix of junction 6 wt DNA, (2) 10 ml of step 2 PCR mix, (3) 10 ml PvuII digestion mixture. Lanes M contain 
5 ml of gene-ruler DNA Ladder Mix (Fermentas). Bands are visualized with ethidiumbromide (Sigma-Aldrich, Zwijndrecht, The Netherlands).
Downloaded from http://nar.oxfordjournals.org/ at Universiteitsbibliotheek on December 2, 2011
Page 7 of 10 Nucleic Acids Research, 2009, Vol. 37, No. 17 e114
Figure 4. Digestion products generated after successive endonuclease 
digestion of blunt dsDNA fragments. (A) Lanes 1-4 contain the fol­
lowing samples: (1) 1 mg of the 50 bp Bsh1236I digest of the long 
repeated DNA, (2) 2.5 mg of EcoRI digested 50 bp three-way junction 
dsDNA. (3) 1 mg of 36-nt 3way-junction ssDNA (4) 1 mg of the com­
plementary 40-nt sequence. (B) Lanes 1-5 contain the following sam­
ples: (1) 2 mg Xhol digested 35 bp junction 6 wt-p2 dsDNA, (2) 1 mg of 
purified junction 6 wt-p2 ssDNA, (3) 1 mg of the complementary 24-nt 
fragment, (4) 1 mg of 15 nt spacer fragment, (5) 1 mg 11-nt spacer frag­
ment. (C) Course of the segmental labeling of junction 6 wt ssDNA. 
Lanes 1-5 contain the following samples: (1) 1.25 mg of junction 6 wt- 
p1 ssDNA, (2) 1.25 mg of labeled junction 6 wt-p2 ssDNA, (3) 2.2 mg of 
28-nt DNA splint, (4) 28-nt DNA-splinted ligation of junction 6 wt-p1 
ssDNA to junction 6 wt-p2 ssDNA, side-products were not observed 
after ligation, (5) 1.5 mg of purified 39-nt junction 6 wt ssDNA. Bands 
are visualized with Stains-All (Acros Organics, Geel, Belgium).
6 wt, respectively. A fter digestion  o f  the 50 bp  three-w ay 
ju n c tio n  d sD N A  fragm ents w ith  E coR I an d  35 bp  jun c tio n
6 w t-p2 d sD N A  fragm ents w ith  X hol, d istinguishable 
bands were observed on a 20%  d enatu ring  P A G E
(F igure 4A  an d  B, lanes 2 an d  1, respectively). F rom  
these bands, excised from  a p repara tive  d ena tu ring  gel,
D N A  was purified yielding 675 mg (0.06 mmol) three-w ay 
ju n c tio n  ssD N A  an d  450 mg (0.073 mmol) 20-nt ju n c tio n  6 
w t-p2 ssD N A . C irca 43%  (54%  fo r the three-w ay 
ju n c tio n  an d  32%  o f  ju n c tio n  6 w t) o f  the 7.2 mmol o f 
in p u t labeled dC T P s were inco rpo ra ted  in to  the final 
P C R  p ro d u c t (50 an d  35 bp  p roduc ts, see above).
O verall ~ 1 0 %  o f  the labeled dC T P s becom e inco rpo ra ted  
in the purified  ta rg e t ssD N A s (~ 1 0 %  fo r the three-w ay 
ju n c tio n  an d  ~ 9 %  fo r ju n c tio n  6 wt).
L igation  o f  the labeled 20-nt jun c tio n  6 w t-p2 to  the 
un labeled  19-nt ju n c tio n  6 wt-p1 assisted by the 28-nt
D N A  splin t in to  39-nt ju n c tio n  6 w t ssD N A , resu lted  in
a yield o f ~ 9 5 %  (visual estim ation  from  gel; F igure 4C, 
lane 4; U V  o f  final pu re  p ro d u c t show ed th a t the actual
yield was 85% ). A fter purifica tion , 750 mg (0.062 mmol) o f 
segm ental selective labeled ju n c tio n  6 w t ssD N A  was 
ob tained .
N M R  experim ents
T hanks to  the stereo-selective d eu te ra tio n  o f  the H 200 in 
the three-w ay ju n c tio n  ssD N A , the stereo-specific reso ­
nance assignm ent o f  H 20 can easily be ob ta ined  via 
H 20(C 20)C 10 corre la tion  (F igure 5A) in com bination  w ith 
H 20C 20 co rre la tion  (F igure 5B). The labeling o f dT  resi­
dues in segm ent C 20-C 39 o f  ju n c tio n  6 w t ssD N A  is illu­
s tra ted  in Figures 5C an d  D . C om parison  o f  the 1D traces 
in F igure 5C shows th a t  only labeled dT  im ino resonances 
(o f A :T  base pairs) rem ain  u p o n  15N -filtering. In  the 2D  
H SQ C  (F igure 5D) only tw o dT  im ino cross-peaks are 
expected, given the secondary  struc tu re  an d  the segm ental 
labeling (F igure 2C). W e observe one strong  cross peak, 
which can be a ttrib u ted  to  T35 in the low er stem. 
H ow ever, instead  o f  the expected single cross-peak 
fo r T32, tw o (w eaker) cross-peaks are seen, indicating  
m ultip le con fo rm ations a t the junction .
DISCUSSION
W e have show n th a t self-prim ed P C R  o f D N A  com bined 
w ith  asym m etrical double digestion  o f  the P C R  p ro d u c t 
an d  in vitro d N T P  synthesis form s an  efficient and  
stra igh tfo rw ard  m ethod  fo r ob ta in ing  N M R  am oun ts o f 
(stereo-)selective an d /o r  segm ental 2H /13C /15N -labeled  
ssD N A . A  h o st o f  labeling p a tte rn s  is possible, thereby 
m aking  N M R  struc tu ra l studies on  (larger) ssD N A  
m ore accessible. W ith  this labeling, N M R  spectral 
crow ding is reduced, specific resonances can  be elim inated  
or selected an d  line w idths reduced  by deu tera tion .
Synthesis o f selective and /o r segm entally labeled 
ssDN A  and dN T P s
The am plification  o f  the D N A  prim ers by m eans o f 
self-prim ed P C R  follow ed by double digestion  requires 
a tten tio n  to  the ir design. The sequences should  n o t 
becom e trap p ed  in duplexes o r in tram olecu lar structures 
b locking P C R . W hen D IN A M e lt pred icts such alternative 
stable structures, the spacer fragm ent can  be shortened , 
lengthened o r altered. T he ro le o f  the spacer is essentially 
only to  facilitate efficient restric tion  endonuclease d igestion 
in the second digestion  step an d  is o f no  fu rth e r interest.
F u rth erm o re , po ten tia lly  any restric tion  site can  be 
chosen to  flank the D N A  fragm ent o f interest. A m ongst 
the w ide variety  o f available enzym es, it is likely th a t  a 
com bination  can  be found  th a t generates digested ends 
exactly m atch ing  the 50-end- an d  30-end o f  the D N A  frag ­
m ent o f  interest. O u r m ethod  is based  on  the difference 
in m ig ra tion  d istance on  d ena tu ring  P A G E  o f  the asym ­
m etric D N A  fragm ents th a t  are generated  thank s to  the 
sticky-end restric tion  endonuclease digestion. In  b o th  
described cases, the asym m etry  com prises 50-recessing 
ends o f  4-nt. F o r  ssD N A s up  to  50-nt, this 4 -n t overhang 
is sufficient fo r separa tion  on  p repara tive  denaturing  
po lyacrylam ide gels. L arger ssD N A s can  be ob ta ined  
by applying the first endonuclease digestion  w ith a
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Figure 5. NMR spectra of the prepared labeled ssDNAs. (A) (C20, H20) and (B) (C10, H20) region of a 2D H20C20C10 spectrum of the selective 
13C9/15N3/2H(10,20,30,40,50,50)-dC-labeled three-way junction; the spectrum is used for stereo-specific assignment of the H20 resonances in the ribose of the 
labeled dC residues. (c) 1D proton spectra of the imino protons of segmental (C20-C39) 3C9/15N2/2H(^,2/,34/,5,5//)-dT and 13C9/15N3/2H(1/,2/,3,4,5,5//)- 
dC-labeled junction 6 wt with (top) and without (bottom) filter for 15N-editing. (D) Imino region of a 2D (15N, 1H) HSQC displaying the signals of 
15N-labeled thymidines of the segmental labeled junction 6 wt.
30-recessing-end generating  endonuclease. W ith  the resu lt­
ing 8-nt difference, ssD N A  m olecules up  to  75-nt can  be 
separated .
Finally , 54%  an d  32%  o f the labeled dC T P s are incor­
p o ra ted  in to  the final P C R  p ro d u c t fo r the three-w ay ju n c ­
tio n  an d  ju n c tio n  6 w t-p2. These yields are com parab le  to  
the  ~ 5 0 %  o f Louis et al. (45). M ost o f the  m ino r loss could  
be due to  instab ility  o f  dN T P s over the extended heating / 
cooling  cycles (60-950C) in the P C R . F o r  instance, deam i­
n a tio n  o f dC T P  leading to  d U T P  m ay occur, as well as 
aspecific dephosphory la tion  to  d C M P  (67). Finally , the 
in vitro synthesis o f dC T P  an d  dT T P  is n o t lim iting as 
they are p roduced  w ith  ~ 8 0 %  yields from  the ir rN T P  
coun terparts . In  o u r experience these yields are a tta ined  
w hen applying s ta n d ard  op tim ization  param eters for 
P C R , such as annealing  tem pera tu re , M g2 + -concen tra­
tion , etc. T o im prove yields (e.g. the 32% ) m ost effective
w ould  be to  increase the n um ber o f  P C R  cycles. In  the 
final ssD N A s fo r b o th  the three-w ay jun c tio n  an d  ju n c ­
tio n  6 w t-p2 ~ 1 0 %  o f  the labeled dC T P  is incorpo ra ted . 
P a rt o f  the loss in the last step (com pare w ith  54%  and  
32% ) is due to  the fac t th a t the ta rg e t ssD N A s conta ins 
only 38%  an d  45%  o f  the cytidines p resen t in the 
com plete P C R  rep ea t (see e.g. T able 1); fu rth e r losses are 
due to  a com bina tion  o f  incom plete digestion  an d  purifi­
cation  steps.
A  high yield (~ 9 5 % ) was ob ta ined  in the splinted 
ligation  by T4 D N A  ligase o f  the tw o D N A  segm ents 
in to  the ju n c tio n  6 w t ssD N A . W e previously  observed 
th a t  (D N A -)sp lin ted  ligation  o f R N A  segm ents using 
T4 D N A  ligase is in general quite ro b u st an d  leads to 
h igh yields (27). N evertheless, it is crucial fo r successful 
(D N A -)sp lin ted  ligation  o f tw o ssD N A  segm ents to  verify 
op tim al fo rm atio n  o f the desired hybrid ization  p roduc t.
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This in fo rm ation  can  be ob ta in ed  from  D IN A M elt 
sim ulations. F inally , ou r segm ental labeling  m e th o d  can 
be ex tended to  m ore  th a n  tw o segm ents w ith o u t signifi­
can t loss in  ligation  yield, e.g. by designing tw o nicks on  a 
hybrid  o f  th ree  segm ents w ith  a D N A  sp lin t o r by using 
tw o D N A  splints an d  th ree  segm ents in one ligation  
reaction .
CONCLUSION
W e propose and  show  th a t  self-prim ed P C R  o f  D N A  
com bined  w ith  asym m etrical doub le  d igestion  o f  the 
P C R  p ro d u c t an d  in vitro  d N T P  synthesis form s an  effi­
cient an d  s tra igh tfo rw ard  m e th o d  fo r ob tain ing  
N M R  am ounts o f  (stereo-)selective a n d /o r segm ental 
2H /13C /15N -labeled  ssD N A .
SUPPLEMENTARY DATA
Supplem en tary  D a ta  are  available a t N A R  Online.
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